The coloration of species can have multiple functions, such as predator avoidance and sexual signalling, that directly affect fitness. As selection should favour traits that positively affect fitness, the genes underlying the trait should reach fixation, thereby preventing the evolution of polymorphisms. This is particularly true for aposematic species that rely on coloration as a warning signal to advertise their unprofitability to predators. Nonetheless, there are numerous examples of aposematic species showing remarkable colour polymorphisms. We examined whether colour polymorphism in the wood tiger moth is maintained by trade-offs between different functions of coloration. In Finland, males of this species have two distinct colour morphs: white and yellow. The efficacy of the warning signal of these morphs was tested by offering them to blue tits in the laboratory. Birds hesitated significantly longer to attack yellow than white males. In a field experiment, the survival of the yellow males was also higher than white males. However, mating experiments in the laboratory revealed that yellow males had lower mating success than white males. Our results offer an explanation for the maintenance of polymorphism via trade-off between survival selection and mating success.
INTRODUCTION
Colour polymorphism provides a classic opportunity to understand the process of natural selection in maintaining biodiversity [1] . Processes involved in maintenance of colour polymorphism are of particular interest because they may be important precursors to mechanisms that cause speciation [2] . Several hypotheses have been proposed to explain the maintenance of multiple colour morphs, though none are mutually exclusive; frequencydependent selection via predation or sexual selection being the most prominent ones [3, 4] .
In cryptic species, negative frequency-dependent selection often leads to polymorphism of prey [5] , but selection is expected to be opposite when prey is aposematic. Aposematic prey often advertises unprofitability (i.e. spines, toxins, noxious chemicals, etc.) to predators via conspicuous coloration [6, 7] . Aposematism confers protection to individuals carrying the warning signal, but the benefits are often dependent on a sufficient density of individuals displaying the signal [8] [9] [10] . Colour polymorphism is therefore not expected in aposematic organisms, like Mü llerian mimics, because predator education is based on 'strength in numbers' of similar phenotypes [11 -13] and selection is positively frequency-dependent (i.e. anti-apostatic selection) [9] . Despite the expected adaptive function of signal monomorphism in aposematic organisms, colour polymorphism has been reported in many aposematic species (e.g. [14, 15] ).
Conflicts among the selective pressures acting on coloration can contribute to the maintenance of colour polymorphism in aposematic species. In the strawberry poison frog (Oophaga pumilio), the aposematic coloration influences the behaviour of male conspecifics [16] and female preference [17] . Females prefer males based on familiar dorsal coloration, but female tolerance for unfamiliar colour patterns may facilitate the establishment of novel phenotypes that could be favoured further by predator bias [17] . Thus, the combined effects of sexual selection and predation may facilitate colour polymorphism [16] [17] [18] .
The wood tiger moth (Parasemia plantaginis) offers a particularly attractive possibility to investigate selective forces favouring colour polymorphism. Males of this species show extensive colour polymorphism both locally and on broader geographical scales. Parasemia plantaginis is widely distributed over the Northern Hemisphere and inhabits a variety of habitats [19] , but rarely occurs in high densities. The genetic morphs of males have visually distinct hind wing colours ( [20] ; figures 1a and 2b); the most typical in Europe are yellow and white with various degrees of melanization. Parasemia plantaginis larvae and females are shown to be aposematic [21, 22] , and the defence chemicals (e.g. iridoid glycosides) larvae sequester are transferred to the adult females and males [20] .
In the first part of this study, we investigated the strength and direction of selection by predators on male coloration. We determined whether predators found male morphs aversive by offering white and yellow P. plantaginis males for blue tits under laboratory conditions. The more conspicuous morph (yellow) should have a selective advantage compared with a less conspicuous morph (white) [21,23 -25] and therefore, we predicted that birds should hesitate longer and attack yellow morphs less than white morphs.
Next, we compared the survival of dead white and yellow P. plantaginis moths pinned to various different tree trunks in the field. Conspicuousness of the colour pattern depends on both receiver perception and visual background [26 -28] . If an environment is heterogeneous in substrate type, the potential exists for several different colour morphs to persist, as each morph has an advantage within a given visual microhabitat [5, 29] . Therefore, it is important to address the survival of different morphs in the wild where light conditions, predator community and visual environment vary. In addition, we used avian vision modelling [30] to analyse whether the conspicuousness of white and yellow morphs against different backgrounds predicted their survival. We again assumed that the more conspicuous yellow morph should be attacked less than the white morph if conspicuousness is beneficial against predators. Alternatively, the less conspicuous morph may benefit from a lower detection risk by predators (e.g. white morph on a white birch trunk). It is also possible that colour variation is neutral in terms of predation [31] and colour polymorphism can be maintained in the population.
In the second part of this study, we examined mating success and reproductive output of white and yellow males since sexual selection often plays a role in male colour polymorphism [4, 32] . We hypothesized that if the conspicuous morph is favoured by increased survival against predation, then either better mating success of the less conspicuous form or signal production costs (e.g. costly pigmentation; [33, 34] ) could provide a plausible explanation for the observed male colour polymorphism. As mating success is shown to be dependent on an individual's condition [35 -37] , we forced part of the yellow and white males to excrete a defensive fluid before mating to see if males of different colour morphs are able to bear costs differently in benign and stressful conditions.
MATERIAL AND METHODS
(a) Rearing of Parasemia plantaginis Individuals for the experiments came from a laboratory stock reared under constant temperature and density. During the larval stage, food (dandelion, Taraxacum sp.) was offered ad libitum (more detailed description in Lindstedt et al. [38, 39] ). Adults do not feed. Males used in the assays originated from divergent selection lines for larval coloration (small and large orange patch, see Lindstedt et al. [38] . However, larval coloration does not affect male colour [20] . Both white and yellow morph are visually distinctive and easy to distinguish by the human eye (figure 1), which allowed easy categorization of individuals for the experiments. The colour classification was also confirmed by spectrophotometer measurements, which showed clear differences between the two groups based on chromatic contrast values (figure 2b).
(b) Warning signal efficacy of white and yellow morph We conducted behavioural assays with blue tits (Parus caeruleus) in an aviary, where we tested whether predators treat yellow or white morphs as unprofitable prey by measuring the hesitation to attack and the handling time. The experiment was conducted in Konnevesi Research Station, Central Finland. Blue tits are generalist predators distributed in the same areas as P. plantaginis. Birds were captured from feeding sites between March-April and September -October 2009. A peanut-filled pre-baited trap (a box 13 Â 17 Â 40 cm), which could be manually operated, was used to catch the birds [21] . Captured birds (n ¼ 36) were used only once in the experiment, ringed for the identification and immediately released back to the feeding site after the experiment.
We used a small plywood box as an experimental arena (50 Â 65 Â 45 cm). The temperature inside the arena was approximately 208C. The light bulb used emitted the entire visible daylight spectrum (including UV; Litetronics, made in Germany, SPE CE 20 W, spiral-lite, 220 -240 V, 50/ 60 Hz, 5700 K, Cape 27). Bird behaviour was observed through a small mesh-covered window, and all trials were done in a dark room to prevent disturbance to the birds. The experimental box contained a water bowl and a perch for the bird. In the opposite wall from the perch, there was a hatch from which food was offered. Between the perch and the feeding platform was a visual barrier, allowing us to determine when the bird detected the object for the first time. Prior to the experiment, the birds were familiarized with the experimental boxes for approximately 1 h, and trained to seek food from behind the visual barrier by giving them sunflower seeds. To confirm the birds' feeding motivation, they were food-deprived for 1 h before the experiment and at the beginning of the experiment a living mealworm (Tenebrio molitor) larva (weight: 0.10-0.15 mg) was offered.
In the experiment, only one living moth was offered to each bird for every trial. The moth was placed against a green background (Epiprenum pinnatum leaf), because P. plantaginis is often found resting on a green background in the wild (O.N. 2008 personal observation). In total, we used 18 white males (four from small and 14 from large orange patch size selection line of larval colour [38] , and 18 yellow males (four from small and 14 from large orange patch size selection line of larval colour) of equal size (ANOVA for size: colour morph:
Latency to attack (i.e. hesitation) was measured in seconds from the first moment a bird detected the prey to the moment of the attack. The maximum time allowed for a bird to make an attack decision was 10 min. Handling time (in seconds) was measured from the first moment the bird attacked the prey to the time when the bird ceased handling the prey. Moth behaviour during the bird attack was scored into five categories: (i) no response (the moth was standing on the background without moving), (ii) startle (the moth flashed its forewings actively revealing its hind wings), (iii) defensive fluid (moth released an aversive defensive fluid from abdomen), (iv) escape attempt (individuals trying to fly away), and (v) feign death (when the moth relaxed its legs and remained motionless). The proportion of moth eaten was scored into four categories: 0 per cent (no observable damage), 10 per cent (head taken), 50 per cent (abdomen taken) and 100 per cent (fully eaten). The categories refer only to the proportion of the body consumed because the birds always pulled the wings off before they ate the moth (O.N. 2009 personal observation).
After the experiment, birds' hunger level was measured by offering them 12 mealworms. The weight of the mealworms consumed within 5 min was used to estimate the bird's satiation level. Birds were fed with peanuts and sunflower seeds before they were released. None of the birds were injured or died during temporary captivity.
We used analysis of variance (ANOVA) to test whether the attack latency (initial avoidance) or handling time by blue tits differed between the two male colour morphs (white and yellow). We also included larval selection line as a fixed factor into the model. Hunger level of the bird and size of the moth (pupa weight) were set as covariates in both models. We log-transformed 'the latency of attack' and 'the handling time', as neither were normally distributed to fit the assumptions of tests. The defence behaviour of the moth and proportion of the moth eaten was tested with Fisher's exact test.
(c) Predation on white and yellow morphs in the field To study potential differences in predation on the colour morphs in natural conditions, we pinned dead adult P. plantaginis males on tree trunks to estimate avian predation pressure. Moths were kept in the freezer and thawed approximately 1 h before the experiment. The field experiment was conducted in the Å land Archipelago, southwestern Finland in summer 2008. The area is characterized by small meadows and deciduous forest patches, which are natural habitats for P. plantaginis. The avian predator community was observed once with the line transect method [40] in the early morning between 04.00 and 10.00 h, when the birds are most active. Only Passeriformes were included in the analysis, as most of the known and potential predators of P. plantaginis are within this group.
A total of seven transects were set in different open forest locations and morphs were pinned in 25 m intervals, making a total count of 40 moths (20 white : 20 yellow), and length of one transect 1000 m. Altogether 280 targets (140 white : 140 yellow) were used in the experiment. Moths were placed in visible locations enabling birds to identify them easily. Moths were always pinned on the southern side of tree trunks 1.5 m from the ground with forewings spread to 458 position. Tweezers were used to simulate this natural resting posture. Moths were pinned randomly on 13 different backgrounds, because of varying tree species composition between study sites. The majority of moths were pinned on Pinus sylvestris (36%), Betula pubescens (25%), Picea abies (13%) and Fraxinus excelsior (9%). Additional tree species comprised less than 5 per cent of study sites, respectively (see list in the electronic supplementary material, appendix table S2).
The experiment was lasted 5 days and the survival of prey specimens was checked every 24 h. A moth was determined to be attacked if we observed clear damage to the body or wings. Other cases were counted as censored values in the survival analysis to ensure that we did not inflate the predation estimate. Attacked moths were replaced with the new ones in order to keep the frequencies of available moths constant, but only the first attacks of individuals were taken into account in the analysis. We identified avian attacks by v-shaped rips and beak marks left in the body or wings [41] . We excluded missing individuals, moths which were heavily damaged by ants and beetles, covered with slime tracks (snails), and hollow exoskeletons (consumed by spiders) from the analysis [41] . However, results remained the same if we included the insect attacks and/or missing targets into the analysis.
To analyse the overall survival of white and yellow morphs in the field, we ran Cox regression analysis. We included time as the dependent variable and avian attacks as status variable, along with male colour, study site and number of predator species and their interactions as covariates. To test if vulnerability to predation differs among tree species, we constructed a separate binary logistic regression model with male colour and tree species and their interaction as a covariate. Finally, we tested whether the conspicuousness against different backgrounds predicts survival of yellow and white morphs. Chromatic contrast and achromatic contrast values of moth (see further) against the background are correlated properties, thus their effect on survival has to be analysed in two separate models. In the first model, we had survival as a binomial-dependent variable and the colour (chromatic) contrast value as a covariate. In the second model, we had survival as a binomial-dependent variable and luminosity (achromatic) contrast value as covariate. For all the results, expected beta coefficients are reported as odds ratios (OR) to describe the effect size. A value 1.00 indicates that two treatments have identical survival probabilities (i.e. event is equally likely to happen in both groups).
(d) Variation in conspicuousness and predation risk
The conspicuousness of the moths on different backgrounds was estimated with an avian vision model [42, 43] . We measured the reflectance spectra of tree trunks by taking measurements from three individuals of each tree species along with the 10 measurements of both morphs. We then constructed an avian vision model to analyse contrasts between moths and backgrounds.
We used discrimination threshold modelling to predict whether the bird (blue tit) can discriminate between the colour and luminance of the white and yellow hind wing colours against several different backgrounds used in the field predation experiment. The discrimination threshold model used assumes that noise in the receptors limits discrimination ability [42, 43] . The model uses information about the visual system, such as the sensitivity and relative abundance of different receptor types, and estimates of noise that arise in the photoreceptors.
We first took five measures per individual from 10 white males and 10 yellow males with an Ocean Optics (Dunedin, FL, USA) USB4000 spectrometer held at 458 to normal, with illumination by a PX-2 pulsed xenon lamp, recorded from 300 to 750 nm, expressed relative to a SpectralonTM 99 per cent white reflectance standard (Labsphere, Congleton, UK). Data were reduced to 1 nm intervals prior to analysis by selecting the first value of each nanometre. Colour of the various backgrounds (see list in the electronic supplementary material, appendix table S2) was measured similarly except with AvaSpec-2048-SPU (Avantes, USA) spectrometer with illumination by AvaLight DHS Deuterium-Halogen light source. Average spectra were taken for each stimulus type, followed by modelling of a blue tit's photon catch values for the single and double cones [44] with a standard D65 irradiance spectrum. Colour vision in birds stems from the four single cone types [45] , whereas luminance discrimination apparently stems from the double cones [30] . For the colour model, we therefore used the four single cones, whereas the luminance model was based on the double cones [15] . For the discrimination model, we used a Weber fraction of 0.05 for the most abundant cone type, and the relative proportions of cone types in the blue tit retina (longwave ¼ 1.00, mediumwave ¼ 0.99, shortwave ¼ 0.71 and ultraviolet sensitive ¼ 0.37). For the results of the discrimination model, values (just noticeable differences, or 'JNDs') of less than 1 are indistinguishable, values between 1 and 3 are hard to distinguish unless under optimal conditions and values more than 5 are easy to tell apart under most conditions [46] . Finally, we incorporated obtained colour contrast and luminosity contrast values as covariates in the survival analysis of the field experiment data (described above).
(e) Reproductive output of white and yellow morphs To determine whether mating success and reproductive output of males was affected by coloration, we performed a mating experiment. The experiment was conducted in a greenhouse at the University of Jyväskylä in Central Finland (628 N, 268 E) during June and July 2009. The temperature in the greenhouse varied between 208C and 308C during the day (approx. 20 h) and during the night (approx. 4 h) the temperature decreased to 158C-208C. In the northern latitudes (greater than 628 N), the flying and mating period of P. plantaginis males occurs during the midsummer when the days are very long (22 h of light). Thus, the males' colours should be visible to females, and could potentially be a target of sexual selection.
In the experiment, one virgin male was offered to a virgin female. Each 'couple' was placed within a separate container to control for the possibility of male -male competition. Variables measured to determine mating success included latency of copulation (the time between introduction and copulation), the duration of mating, egg production and offspring hatching success. In total, we had 42 white males (18 from small and 24 from large orange patch size selection line for larval coloration) and 43 yellow males (20 from small and 23 from large orange patch size line). Males were mated with a randomly chosen female to control any potential bias in experimenter pairing choices. Pairing was done in the evening (a mating box 10 Â 13 Â 12 cm) before sunset between 20.00 and 21.00. After pairing the males and females, individuals were observed continuously for 10 h from 21.00 to 07.00 (when mating naturally occurs), and their mating success (whether the male mated or not) was recorded. If males had not mated during this time they were scored as 'unsuccessful'. After mating, males were removed from the boxes and females were allowed to lay eggs for 4 days and on the fifth day the eggs were counted. Larvae were counted on a second day after hatching to confirm that all the larvae had hatched.
In order to be able to disentangle the mating success of male morphs in benign and stressful conditions, males were divided into two treatment groups; (i) controls and (ii) manipulated, where males were forced to produce defensive fluid (e.g. [47] ). The defensive fluid has a distinct odour and we have observed that males produce it when threatened and thus, it most likely has an anti-predatory function in Arctiid moths (see also [48, 49] ). As capital breeders, production of defence fluid must be restricted for adult P. plantaginis individuals making it costly trait to produce repetitively both in terms of resources (e.g. water) and energy (e.g. metabolic processes to synthesize and expel the fluid). In addition, releasing frequency of the defence fluid also varies among individuals under predation (table 2) and preliminary tests indicate a negative relationship between the releasing frequency and the amount of fluid exuded supporting its costliness for males (K. Suisto and C. Lindstedt, 2009 personal observation). Fluid was released from the males before the mating on the same day of the experiment. Males were forced to produce the defensive fluid only once by gently lifting the moth with tweezers. The defensive fluid produced was then drawn into a capillary tube and its volume was measured.
To determine whether male colour influenced mating success we used binary logistic regression. Mating success (mated or not mated) was set as the dependent variable and male colour, selection line for larval colour, defensive fluid treatment along with their possible interactions were set as covariates. We tested whether the amount of defensive fluid produced varies between morphs by setting the amount as a dependent variable, morph and selection line as fixed factors, and male weight as covariate in ANOVA. The defensive fluid volume was transformed to a logarithmic scale to fit the assumptions of ANOVA. The mating delay (in minutes) and duration of copulation (in minutes) were tested with an analysis of variance by setting the time as a dependent variable with morph, selection line for larval colour, and defensive fluid volume as fixed factors. Male weight was included as a covariate in the ANOVA. To determine if fecundity differed between the male colour morphs we also used an ANOVA. Fecundity measure (number of eggs, number of offspring) was set as a dependent variable. Colour of the male, selection line and defensive fluid treatment were set as fixed factors. Female weight was set as a covariate. Non-significant parameters were omitted from the final analyses (general protocol; p . 0.05, smallest omitted significance was p ¼ 0.488).
RESULTS
(a) Warning signal efficacy of white and yellow morph Blue tits hesitated significantly longer to attack yellow males compared with white males (figure 1 and 
not impact the survival rate of the pinned moths. When we tested whether the tree species, against which the moth was pinned, predicted survival we found that only male colour was a significant predictor (Wald Both colour morphs were clearly conspicuous for avian predators against all backgrounds, though yellow males were generally more conspicuous in terms of colour (all JND values for colour contrasts varied for white males from 2.95 to 7.59 and for yellow males from 17.83 to 22.90). For luminance, JND values varied from 0.48 to 19.27 and 0.22 to 16.54 for white males and yellow males, respectively. Conspicuousness was beneficial for moths, because survival probability increased with increasing colour (chromatic) contrast against the back- figure 2 ). However, luminosity contrast alone did not predict predation (
(c) Reproductive output of white and yellow morphs White males released more defensive fluid than yellow males ( figure 3 and table 3 ). White males were also more than eight times more likely to mate than yellow males (Wald (table 3) . However, if we include only the males that mated, the male colour did not significantly affect the mating delay (time to start copulation). Interestingly, copulation took longer if males were forced to give defensive fluid (table 3 ). This could mean that the fluid may be a part of courtship signals delivered to females or it could decrease the quality of the males in other ways, prolonging the latency of copulation. Male weight also affected copulation time (table 3) , which was shorter for heavier males (r ¼ 20.330, p ¼ 0.031).
No difference was observed in post-mating fitness differences between yellow and white males who successfully mated. We found that male colour did not affect the number of eggs or number of offspring produced (table 3) . However, heavier females produced more offspring (table 3) .
DISCUSSION
Genetic polymorphism can be maintained if different morphs have equal mean fitness (e.g. [3, 4, 32] ). In the present study, we demonstrate a trade-off between warning signal efficacy and mating success between yellow and white P. plantaginis males. The more conspicuous yellow males were better defended against predators, as they hesitated longer and were less likely to attack yellow males compared with white males. However, white males had better mating success in comparison with yellow males, which would lead to a higher number of egg clutches sired by white males. This trade-off can partly explain the sympatric occurrence of white and yellow male morphs.
Predators are expected to select for conspicuous [21, 23, 24, 50, 51] and convergent [11 -13,52,53] warning signals in aposematic prey. In concordance, our results showed that increased colour contrast was beneficial for P. plantaginis males, with yellow males benefitting the most because of their greater conspicuousness. In addition to colour contrast, greater prey luminance contrast may increase the detection of prey, but also facilitate predator aversion [54] and memory retention of an invertebrate predator [55] . Our data showed that despite white P. plantaginis males having stronger luminosity contrast compared with the yellow males, it did not increase the survival of white males. Thus, we did not find any support for the hypothesis that the variation in predator perception and/or background coloration could maintain colour polymorphism in this system. Selection for conspicuous morphs by predators could be relaxed if toxicity and conspicuousness are expensive to produce and maintain, but an increase in either of the components may offer equally good protection against predators [56, 57] . The present study did not provide clear support for this assumption as birds were handling and consuming white and yellow males similarly. In addition, tendency to produce defensive fluid under attack did not differ among morphs, although white males excreted higher quantities of bitter smelling defensive fluid before the mating experiment. However, more detailed investigations would be needed to determine whether white and yellow males have different defence strategies before definitive conclusions can be made.
Allocation of resources to conspicuous warning coloration may have an impact on other fitness-related traits, such as reproduction [57, 58] . Although we do not have any direct evidence of production or maintenance costs of male coloration, we suggest that one cost of effective warning signal expression is impaired reproductive output because the mating probability of white males was higher when compared with yellow males. Based on the current data, we cannot offer a clear reason underlying the observed female preference. Females may gain indirect benefits of mating with attractive males and having attractive sons. According to our results, male quality did not differ between colour morphs in terms of number of eggs or offspring produced per female. However, we did not measure the quality of the offspring further, thus it is possible that offspring of more attractive white males would have enhanced performance or viability. This will be a topic for future study. In Arctiid moths, female mate choice can have more direct benefits as males leave spermatophores after mating, termed 'nuptial gifts', containing nutrients, water and defence chemicals [48] . Therefore, it is possible that white males could offer larger and better quality nuptial gifts. The additional nutrients may be particularly valuable for females, considering that P. plantaginis adults do not feed. Thus, one can assume that by mating with the males that can offer extra nutrients, females would gain direct benefits which could extend their individual lifespan and reproductive output. This may allow females to seek suitable egg-laying habitats longer, and thus evaluate the most suitable site for laying a clutch or to spread its clutch on several host plants (i.e. bet-hedging). Defensive chemicals transferred to females in the nuptial gifts can be used by the female for herself or for the defence of the eggs [48, 59] . We did not find significant differences in the mating duration of the white and yellow males. However, larger males copulated for a shorter amount of time and individuals that were forced to produce defensive fluid mated longer, offering indirect support for the costs of producing defensive fluid. In order to test the possible differences in the spermatophore size between males of different condition and colour, further experiments are needed. In addition, tests where females are able to choose between the males are needed to see whether the results are in concordance with the current experiment when male -male competition is allowed.
Factors that contribute to the maintenance of colour polymorphisms continue to be a central focus in evolutionary research. We found that white male P. plantaginis were better at mating, but possessed a less effective warning signal. Although the mechanism behind the mate choice remains partly speculative, our results offer evidence that female mate choice along with selection by predators contributes to the maintenance of colour polymorphism in this species.
